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Abstract. Photon transport in plane-parallel, vertically inhomogeneous clouds is

investigated and applied to cloud remote sensing techniques that use solar reflectance or
transmittance measurements for retrieving droplet effective radius. Transport is couched
in terms of weighting functions which approximate the relative contribution of individual

layers to the overall retrieval. Two vertical weightings are investigated, including one
based on the average number of scatterings encountered by reflected and transmitted
photons in any given layer. A simpler vertical weighting, based on the maximum
penetration of reflected photons, proves useful for solar reflectance measurements. These
weighting functions are highly dependent on droplet absorption and solar/viewing
geometry. A superposition technique, using adding/doubling radiative transfer procedures,
is used to accurately determine both weightings, avoiding time-consuming Monte Carlo
methods. Effective radius retrievals from modeled vertically structured liquid water clouds
are then made using the standard near-infrared bands and compared with size estimates
based on the proposed weighting functions. Agreement between the two methods is
generally within several tenths of a micrometer, much better than expected retrieval
accuracy. Though the emphasis is on photon transport in clouds, the derived weightings
can be applied to any multiple-scattering plane-parallel radiative transfer probiem,
including arbitrary combinations of cloud, aerosol, and gas layers.

1. Introduction

Cloud droplet size is an important parameter in physical and
radiative cloud process studies, climate modeling, and investi-
gations of potential cloud-climate feedbacks [cf. Wielicki et al.,
1995, for review]. For example, droplet size is influenced by
both droplet concentration and water content. Droplet con-
centration is in turn affected by cloud condensation nuclei
concentrations present during nucleation, providing a link be-
tween droplet sizes and cloud albedo via the so-called indirect
effect of aerosols on climate mechanism and cloud suscepti-
bility [Twomey, 1974; Charlson et al., 1987; Twomey, 1991]. The
influence of droplet concentration on precipitation processes
and subsequent consequences to cloud fraction and lifetime is
also of interest [Albrecht, 1989; Pincus and Baker, 1994; Austin
et al., 1995]. In general circulation models (GCMs), droplet
size is used for the parameterization of cloud optical thickness
from liquid water path. Several studies have shown GCM ra-
diation budgets to be sensitive to droplet size due to this
parameterization [Slingo, 1990; Kiehl, 1994]. All of these issues
have helped spur interest in the remote sensing of cloud drop-
let size. .

In radiative studies it is the effective radius (r, = r3/r?)
which is the important measure of the droplet size distribution.
Solar reflectance measurements in visible and near-infrared
atmospheric window bands can be used to infer cloud optical
thickness and effective radius. The droplet size information is
obtained with one of the water-absorbing near-infrared bands,
usually located in the 1.6, 2.2, or 3.7 um spectral region. These
retrievals presume the existence of homogeneous, plane-
parallel clouds, in which case, retrievals made with each near-
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infrared band should report the same droplet effective radii.
However, both theory and in situ measurements show clouds to
exhibit a measurable droplet size vertical structure; measure-
ments and satellite imagery also indicate horizontal inhomo-
geneities over many scales [e.g., Cahalan and Snider, 1989;
Gerber et al., 1994]. Since transport will be shown to be highly
dependent on the amount of liquid water absorption in the
band, inhomogeneous clouds may lead to differences among
the individual near-infrared retrigvals. Retrievals using an air-
borne imaging radiometer flown over marine stratocumulus
clouds have shown that significant differences can occur among
the three near-infrared bands [Platnick et al., 2000]. Though
fundamental sources of retrieval error may have been respon-
sible (e.g., instrument calibration), it is possible that cloud
inhomogeneities were a contributing factor. In investigating
cloud retrieval sensitivity to inhomogeneities, it is convenient
to consider the vertical and horizontal scales separately. Ap-
proximations for horizontal transport have been developed for
determining the horizontal extent required for size retrievals
based on plane-parallel models and for providing a quantita-
tive means for excluding cloud regions (e.g., near boundaries)
from retrieval analysis to limit potential biases [Platnick,
2000a]. In the current work we investigate vertical photon
transport in plane-parallel, vertically inhomogeneous clouds
with direct application to cloud remote sensing problems that
use solar reflectance or transmittance measurements to infer
droplet size. This is an extension to an earlier preliminary work
[Platnick, 1997].

It is useful in remote sensing problems to couch vertical
transport through plane-parallel layers in terms of a weighting
function which approximates the relative information content
of each layer to the overall reflected or transmitted signal. For
cloud remote sensing, this primarily means information re-
garding layer droplet size (related to droplet absorption).
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Though weighting functions in single-scattering problems are
exact, any weighting for a multiple-scattering problem can only
be approximate. Several weightings are investigated, including
one based on the average number of scatterings encountered
by reflected and transmitted photons in any given layer. A
superposition technique, using basic adding/doubling radiative
transfer procedures, is used to accurately and quickly deter-
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Monte Carlo calculations. A simpler vertical weighting based
on the maximum depth achieved by reflected photons proves
useful for solar reflectance measurements.

We begin in section 2 with a discussion of the physics behind
cloud droplet size retrievals and the basic implementation of
the algorithm which presupposes homogeneous clouds. Ana-
lytic models are then developed for prescribing cloud droplet
size as a function of cloud height or optical depth in section 3.
These cloud models are used in later sections for assessing the
effect of various droplet size profiles on retrievals and weight-
ing functions. Candidate vertical weighting functions are pro-
posed and discussed in section 4. Example calculations of the
weighting functions are made for bidirectional and flux remote
measurements and compared with Monte Carlo results. In
section 5, retrievals made with the three near-infrared bands
are presented for several cloud models and compared with size
estimates based on the weighting functions. Conclusions re-
garding the impact of vertical structure on retrievals can then
be made. The possibility of inferring the droplet size profile
from the three retrievals via an inversion technique is discussed
in section 6.

2. Cloud Microphysical Retrievals

Simultaneous cloud microphysical and optical thickness re-
trievals using solar reflectance measurements, along with in
situ validations, began with Twomey and Cocks [1982, 1989],
Foot [1988), Nakajima and King [1990], and Nakajima et al.
[1991]. Though the physical basis for these retrievals is impor-
tant in understanding the effects of photon transport, only a
summary will be attempted here. Typical retrieval algorithms
make use of multispectral information contained in bands that
are absorbing and nonabsorbing for cloud particles. Since use-
ful bands are located in atmospheric windows to minimize the
effect of molecular absorption, further mention of absorption
will be understood to refer to water particles and not water
vapor or other gases. Though we limit our discussion to clouds
with liquid water droplets, the algorithms can, at least in prin-
ciple, also be applied to ice clouds [e.g., Ou et al., 1995; Young
et al., 1998).

Nonabsorbing bands include atmospheric windows from the
visible up to effectively 1.2 um, each with particular advantages
depending on underlying surface type. Reflectance in these
bands depends primarily on cloud optical thickness, with only
a small droplet size dependence through the scattering asym-
metry parameter. Unless otherwise stated, reflectance will rc-
fer to the bidirectional quantity (i.c., a function of both solar
and viewing directions) and not albedo, or hemispheric flux
reflectance. For conservative scattering, cloud reflectance in-
creases monotonically with optical thickness toward a limiting
value near unity, though not necessarily exact unity for bidi-
rectional reflectance.

The useful absorbing bands are centered around 1.6, 2.2, and
3.7 um, with the longer wavelength bands having the greater
absorption. These will be referred to collectively as near-
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infrared bands (also referred to as shortwave and midwave
infrared bands). In each near-infrared band, droplet absorp-
tion increases with cloud droplet size over the expected size
range. The greater the droplet absorption the less the cloud
reflectance, all else being equal, and so near-infrared reflec-
tance measurements contain information about droplet effec-
tive radius. However, these reflectances may also depend on
optical thickness. Thin clouds provide little cumulative absorp-
tion to reflected photons because of the relatively small num-
ber of scatterings which can occur, and so reflectance is highly
dependent on optical thickness. As a cloud becomes thicker,
the near-infrared reflectance eventually reaches an asymptotic
limit, potentially much less than unity, as absorption eliminates
the possibility that deeply penetrating photons can survive the
increasing number of scattering events required to return to
cloud top. Beyond this limit, reflectance is constant with optical
thickness, leaving only a droplet size dependence. The value of
the asymptotic reflectance limit decreases with increasing ab-
sorption (or with droplet size for a given band) as does the
corresponding optical thickness. The 3.7 um band reflectance
is therefore least dependent on cloud thickness, reaching the
reflectance limit at about an optical thickness of 5. Simulta-
neous reflectance measurements in nonabsorbing and absorb-
ing bands therefore contain the essential information required
to infer both optical thickness and effective radius. A graphical
summary of these concepts can be found in the plots of Naka-
Jima and King [1990), Rawlins and Foot [1990], and Platnick et
al. [2000].

Retrieval algorithms compare measured reflectances with
calculated reflectances derived from homogeneous, plane-
parallel cloud models. These modeled reflectances are usually
in the form of libraries which span the expected range of
optical thickness, droplet effective radius, and solar and view-
ing geometry. The retrieved optical thickness and effective
radius corresponds to the library reflectances (from at least two
bands) which are collectively closest, in some sense, to the
measured reflectances. Therefore retrievals of real-world
clouds give the parameters of a homogeneous cloud having
nearly the same spectral reflectances as the measured cloud for
the particular geometry. Various implementations of this basic
approach with the 1.6 and 2.2 pm bands are described in the
literature [Twomey and Cocks, 1989; Nakajima and King, 1990,
Rawlins and Foot, 1990]. The 3.7 um band size retrieval is
complicated by cloud thermal emission which can be a signif-
icant part of the measured radiation. Since cloud emissivity will
vary with droplet absorption, thermal emission is a function of
temperature as well as droplet size. An algorithm must there-
fore search for the effective radius that gives an above-cloud
intensity consistent with both solar reflectance and cloud emis-
sion. Satellite retrievals with this band include Arking and
Childs [1985), Platnick and Twomey [1994], Han et al. [1994],
and Platnick and Valero [1995]. It has also been demonstrated
that there is size information in cloud emissivity at longer
wavelengths [Parol et al., 1991; Ackerman et al., 1995].

A similar approach can be attempted for transmittance
[Rawlins and Foot, 1990}, though for several reasons, such a
measurement (either bidirectional or flux) is much less depen-
dent on effective radius than reflectance. First, transmittance
as a function of optical thickness is always bounded by the
same values regardless of wavelength or cloud microphysics
(e.g., flux transmittance goes from unity in the absence of a
cloud to zero for infinitely thick clouds). In these two thickness
limits there is no possible cloud information in a transmittance
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measurement. Second, at intermediate thicknesses the in-
crease in forward scattering with droplet size tends to cancel
the accompanying increase in droplet absorption, and once
again, little microphysical information is available. However,
for the same reasons, transmittance in any one of the spectral
bands is capable of reasonably good optical thickness retrievals.

In the remaining sections we will discuss photon transport in
reflectance, transmittance, and emittance problems. However,
the emphasis will be on reflectance-based effective radius re-
trievals of stratus clouds. These plane-parallel-like clouds are
most likely to be compatible with retrieval cloud models but
may still have significant vertical inhomogeneities across the
scales of photon transport. These inhomogeneities may lead to
errors or biases in the retrieved cloud effective radius. Clearly,
there are other potentially significant and more fundamental
sources of retrieval error, such as uncertainties in the calcula-
tion of homogeneous cloud reflectances, instrument error, and
atmospheric effects [e.g., Han et al., 1994, 1995; Platnick and
Valero, 1995]. There is also an unexplained tendency for size
retrievals to be significantly larger than in situ measurements,
i.e., anomalous absorption [Twomey and Cocks, 1989; Naka-
jima et al., 1991]. It is within this overall context that effects of
cloud inhomogeneities should also be examined. A better un-
derstanding of retrieval uncertainty is especially important
given the interest in global droplet size climatologies [King et
al., 1992; Han et al., 1994].

3. Vertical Cloud Structure

Cloud retrievals are based on homogeneous cloud models.
However, it is known from both simple theoretical models and
empirical data that cloud droplet sizes are likely to increase
significantly with height in a nonprecipitating cloud. From the-
oretical considerations an adiabatic cloud profile has liquid
water content increasing linearly with height over large thick-
nesses. Then, to the extent that droplet concentrations are
found to be relatively constant with height, droplet sizes would
also increase with height. A number of in situ measurements of
cloud droplet size and/or liquid water content vertical profiles
have been reported [Slingo et al., 1982; Noonkester, 1984; Ni-
cholls and Leighton, 1986; Curry, 1986 for arctic stratus; Ste-
phens and Platt, 1987; Gerber et al., 1994; Garrett and Hobbs,
1995]. As an example, Garrett and Hobbs measured effective
radius increases at cloud top of about 50 and 100% relative to
cloud base in two stratocumulus case studies near the Azores.
It is difficult to obtain statistically meaningful profiles, which
require sufficient sampling at all levels in the same cloud re-
gion, and so profile measurements often appear rather noisy.
Nevertheless, most clouds appear to have liquid water content
profiles that are subadiabatic to some extent, especially near
cloud top [e.g., Nicholls and Leighton, 1986], therefore having
less drastic size increases with height compared to an adiabatic
cloud. Droplet size profiles sometimes have a nonlinearity sug-
gestive of an adiabatic, or near-adiabatic, liquid water content
profile. In other cases, droplet sizes seem to increase linearly
with height. Several analytical models for droplet size profiles
are derived momentarily.

Because of varying absorption, microphysical retrievals from
the three near-infrared bands will sample different vertical
portions of the cloud, and a given retrieval therefore repre-
sents the average radiative effect of the droplet size profile. A
reflectance measurement in the 1.6 um band is least affected
by absorption and can contain information regarding droplet
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sizes in relatively deep layers of the cloud. The 2.2 and 3.7 um
bands have progressively more absorption, and the vertical
sampling is more shallow. Clearly, a single effective radius for
describing cloud radiative properties is rather ambiguous from
the remote sensing standpoint, especially when using multiple
near-infrared bands. Of course, the concept of a “correct” size
retrieval is only meaningful in terms of the intended applica-
tion (e.g., determination of liquid water path, broadband
fluxes, influence of CCN).

3.1. Analytic Droplet Size Profiles

We wish to develop models of cloud droplet size profiles for
use in assessing the impact of vertical structure on effective
radius retrievals and the utility of vertical weighting functions
discussed in the next section. The vertical structure will be
given by simple analytic formulae derived from various pre-
scribed physical constraints and not from cloud dynamic and
microphysical models.

The following nomenclature is used: the vertical variable for
the radiation problem is optical depth 7, measured from cloud
top downward, while the term cloud optical thickness .. is used
to indicate the overall optical depth down to cloud base. For
example, we may refer to a level at an optical depth of 5, in a
cloud with an optical thicknesses of 10. We therefore require a
specification of effective radius as a function of optical depth
for a given optical thickness, i.e., r.(7, 7.). In terms of geo-
metrical height z, defined to increase from zero at cloud base
to h at cloud top, optical depth at a wavelength A is given by

n %
7,(2) = J dz' f Q.. (rmrX(z"n(r, z') dr
z 0

%j 2mr¥(z')N(z') dz’, (1)

where the extinction efficiency Q. (r) is ~2 for cloud droplet
size particles at the wavelengths of interest, and N(z) dz is the
total droplet number per unit area in the differential layer
between z and z + dz.

Consider an adiabatic cloud. Liquid water content (LWC) in
a saturated adiabatic process increases linearly with geometric
height for lower clouds and over extended thicknesses. There-
fore we can write liquid water at the height z as

LWC(z) = ch r(2)n(r, z) dr = Cr(z)N(z) ~ z, ()

0

where C = 4mp,/3, and p, is the density of liquid water.
Ignoring differences among the area-weighted, volume-
weighted, and effective radius [Martin et al., 1994], (2) becomes
r2(z)N(z) = b, + b,z/h, where b, and b, are constants.
Assuming N is constant with height, 7,(z) « (by + b,z/h)">.
A curvature of this type (second derivative less than zero) is
often seen in measured profiles [e.g., Stephens and Platt, 1987].
Differentiation yields dz « Nr2(z) dr,. Substitution into the
second form of (1) and integrating over r, from r.(z) to the
cloud-top effective radius, r,, gives 7 = (rg,, — r2(2)). The
size profile can now be expressed in terms of optical depth
instead of geometric height. Rearranging gives r. (7, 7.) =
(ag — a,7/7.)'""> where the constants a, = r,, and a, =
Trop — Fiae are determined from prescribed boundary condi-
tions on droplet size, with r,,.. as the cloud base effective
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Figure 1. Example of the four analytic models for the verti-
cal profile of effective radius r, given in Table 1 for the same
prescribed boundary conditions (total cloud optical thickness
. is 8 and effective radius is 5 and 12 pm at cloud base and
top, respectively). The top plot shows effective radius as a
function of optical depth 7. The bottom two plots show the
corresponding profile of r, and cloud liquid water content
(LWC) as a function of geometric height z, where A is the total
thickness. The constraints used in deriving the profiles are
indicated along the side of each curve. Note that for an oth-
erwise identical cloud process, cloud top r, and LWC would be
smaller for the subadiabatic profile (shown for x = 0.75).

PLATNICK: VERTICAL PHOTON TRANSPORT

radius. Though cloud base should be strictly defined as the
level where liquid water content and droplet size are zero, the
location of cloud base from in situ measurements is ambiguous
due to sampling difficulties, uncertainty associated with the
measurement of small liquid water content and droplet sizes,
and the rapid increase in droplet size over relatively small
vertical scales. In addition, these thin bottom layers with small
droplet sizes make the least contribution to cloud optical thick-
ness. For these reasons, a well-defined cloud base with a non-
zero boundary condition is used. An example of an adiabatic
droplet size profile as a function of both optical depth and
height is shown in Figure 1 for 7, = 8, ry,. = 5 um, and
Twp = 12 pm. Droplet sizes are seen to quickly increase with
height from cloud base. The linear liquid water content profile
is also shown. Boundary conditions are consistent with a drop-
let concentration of about 60 cm ™. Analytic formulae for the
adiabatic cloud model are summarized in Table 1 (profile B).

A subadiabatic liquid water content profile, having adiabatic
liquid water near cloud base but with increasing entrainment,
or drying, toward cloud top, can be specified with the power
law (co, + c,z/h)*, where 0 < x < 1 and ¢, ¢, are again
constants determined from the boundary conditions. Equa-
tions for the droplet size profiles are given in Table 1 (profile
A). An example with x = 0.75 is shown in Figure 1 as the
subadiabatic aloft profile. The reduction in cloud-top liquid
water results in less change in droplet size in the upper por-
tions of the cloud. Note that all curves in Figure 1 have iden-
tically prescribed microphysical boundary conditions. For
clouds forming in otherwise identical meteorological condi-
tions, liquid water content and droplet size in the subadiabatic
cloud model should, of course, be smaller at upper levels.
Prescribing equivalent liquid water content in the lower parts
of the cloud, the subadiabatic model with x = 0.75 gives a
cloud-top liquid water content about 60% less than the com-
parable adiabatic cloud.

Measured droplet size profiles often appear to be linear with
height [e.g., Stephens and Platt, 1987]. It can be shown that
r,(z) ~ z implies LWC ~ z* and r,(7, 7.) = (a4, — a,7/7.)'", an
analytic form similar to the adiabatic and subadiabatic profiles
(profile C). For the same prescribed boundary conditions, this
profile gives subadiabatic liquid water content at midlevels
(e.g., the occurrence of a drying process in middle layers) and
droplet sizes decreasing more rapidly with depth in the upper
part of the cloud than for the adiabatic profile (see Figure 1).
Though this size profile is recognizable in measurements, the
accompanying liquid water profile is not obvious in the in situ
profiles previously cited and might only be applicable to mul-
tilayer or decoupled cloud layers. A profile with droplet size
decreasing even more rapidly with depth in the upper part of
the cloud can be found by simply specifying effective radius to
be linear in optical depth; that is, r (7, 7.) = ao — a,7/7,
(profile D).

Table 1 and Figure 1 summarize the four analytic droplet
size profiles discussed. Consider a reflectance-based retrieval.
All bands sample the upper portions of the cloud more readily
than lower parts, even for a band with no absorption (e.g., in
the visible). Regardless of the assumed profile, droplet size
retrievals with each of the near-infrared bands will differ due
to increasing droplet absorption with band wavelength. It is the
profile in the upper parts of the cloud which has the most
influence on retrieval size and band differences. For the same
prescribed boundary conditions, a profile having small values
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Table 1. Analytic Models for the Vertical Structure of Effective Radius r, and Liquid
Water Content (LWC) Versus Geometric Cloud Height z and Optical Depth 7

LWC (2) re(z) r(7) g a,
Vertical Structure
z x z x/3 x/2x+3 2t 3x r%r +3x _ rix+3/x

<c0 +¢ ;) <b0 + b, E) (a(, - a, *rl) Tap' P pase
Profile Constraint X Physical Implication

A subadiabatic aloft 0<x<1 increasing entrainment/drying toward cloud top

B LWC (z) ~ 2 1 adiabatic

C r.(z) ~z 3 subadiabatic at midlevels

D r(ty ~T1.— 7T -3 subadiabatic at midlevels (useful test of weighting

formulations)

The following convention is used: z increases from z = 0 at cloud base to z = & at cloud top; optical
depth increases toward cloud base with 7 = 0 at cloud top; 7, is the total cloud optical thickness. The
constants a,, a, are found from the optical thickness and the prescribed boundary conditions for droplet
size at cloud top and base, r,, and r,,,., respectively. Other constants (b, ¢) can be determined in a similar

22,923

manner.

for |dr,/d 7| in upper portions of the cloud will have sizes more
nearly constant with optical depth, implying larger retrievals
and smaller retrieval differences among the bands. Therefore
all near-infrared bands will infer the largest droplet size for the
subadiabatic aloft profile (see top plot of Figure 1); retrievals
for the adiabatic profile would not be much less. Size retrievals
would be smallest for profile D which has the largest values of
|dr,/d7| at upper levels. Near-infrared retrieval differences
would also be greatest for this profile, making it helpful for
assessing the capability of weighting functions.

Four example test clouds, based on the adiabatic and linear
profiles (B and D in Table 1), are used in much of the subse-
quent analyses. These two profiles provide a useful range in
|dr./d7| at upper levels. Table 2 summarizes the four test
clouds for both profiles. Optical thicknesses range from a rel-
atively small 7, = 5 to a moderately thick 7. = 15. Clouds
with thicknesses less than 7. = 5 will not have a significant
vertical signature. Clouds up to 7, = 15 span the asymptotic
limit for 2.2 and 3.7 um band reflectances (see section 2); that
is, lower layers will be inconsequential in these bands for
thicker clouds. The thickest cloud is assigned the smaller drop-
let sizes (less absorption) to allow lower layers some influence
on reflectance. The range of radii from cloud top to base is

somewhat larger than typical in situ measurements but still
realistic. For numerical purposes the test clouds are built up
from individual homogeneous layers with optical thicknesses of
0.25 and integer values of effective radii. Liquid water path is
determined from the summation of the product of layer optical
thickness and effective radius (equations (1) and (2) approxi-
mate the water path in layer i as 2r,;A7,/3, in units of g m 2
for r, in micrometers). Other microphysical quantities such as
liquid water content (LWC) and droplet concentration N can-
not be uniquely determined from specification of optical thick-
ness and effective radius alone. Liquid water content requires
knowledge of N, and only the product N# is specified (equa-
tion (1)). Table 2 gives values of N and LWC for a fixed
geometric thickness of 0.3 km (recall N is constant with height
in the models). The small values of N, representative of pris-
tine conditions, are a consequence of the relatively large pre-
scribed cloud-top effective radii. The adiabatic profile has the
more reasonable liquid water content, whereas the other pro-
file is wetter due to larger droplet concentrations. Model re-
sults and conclusions are discussed at the end of the next
section. Results from the other two analytic profiles were also
examined. The r, ~ z profile (C) is used in many of the
weighting function plots.

Table 2. Two Analytic Profiles for Cloud Droplet Effective Radius As a Function of Optical Depth (See Table 1) and
Resulting Cloud Liquid Water Path (LWP), Liquid Water Content (LWC), Droplet Number Concentration (N, Assumed

Constant With Height), and Geometrical Thickness (k)

Vertical Structure

Cloud
Specifications Profile D Profile B (Adiabatic)
r, LWC of Base, LWC of Base,
Cloud N for Top Layer for N for Top Layer for
Base-Top, LWP, Nh, h = 0.3 km, h = 0.3 km, LWP, Nh, h = 0.3 km, h = 0.3 km,
T, pwm gm™?  cm ?km cm ™3 gm™3 gm? cm ?km cm™? gm?
15 4-10 75 60.6 202 0.05,0.85 89 37.0 123 0.06, 0.52
10 6-15 74 17.8 59 0.05,0.84 88 11.1 37 0.05,0.52
8 5-12 48 21.3 71 0.04,0.51 57 13.8 46 0.04,0.33
5 8-12 35 8.2 27 0.06, 0.20 37 7.5 25 0.05, 0.18

Example microphysics are given for 4 = 0.3 km. Optical thickness is scaled to a wavelength-independent extinction efficiency of Q, = 2.0.
Clouds are built up from homogeneous layers with scaled optical thicknesses of 0.25 and integer effective radii as described in the text.



22,924

4. Multiple-Scattering Weighting Functions

Two immediate questions come to mind. First, to what ex-
tent do the three near-infrared bands infer different effective
radii for realistic size profiles? Second, do measurements in the
near-infrared bands contain information sufficient to infer the
size profile? That is, can an inversion technique be devised.

One approach to these questions is to make repeated for-
ward calculations of cloud reflectance (or transmittance, emit-
tance) with various vertical profiles and use the results as input
to a retrievals code. However, the exercise would provide lim-
ited insight since information is unavailable on the contribu-
tion of individual layers to the retrieval result. The lack of layer
information would also make it difficult to assess the possibility
of implementing an inversion for the size profile. A more
useful approach is to understand the radiative contribution
that various layers impart to the overall size determination. For
a single-scattering problem this is achieved by couching the
problem in terms of vertical weighting functions describing the
intensity at a boundary in terms of the cumulative contribution
of individual layers. A common example is an infrared sound-
ing technique, where the weighting function at some wave-
length is derived from the net transmittance between an emit-
ting layer and the top or bottom of the atmosphere. In the solar
region, backscattered ultraviolet measurements infer strato-
spheric ozone profiles with weighting functions given by ozone
path absorption. The single-scattering condition provides a
one-to-one correspondence between the emitted or scattered
radiation from some level and the measured signal. In the case
of the cloud problem, multiple scattering destroys this corre-
spondence as radiation may scatter in many layers. However,
this does not exclude the possibility of useful, though approx-
imate, vertical weighting functions for multiple-scattering
problems.

For the retrieval of cloud droplet sizes we seek a weighting
function w, defined such that the retrieved effective radius r¥,
determined from near-infrared solar reflection or transmission
measurements of a cloud with known optical thickness 7., can
be estimated from

ry = fﬁ ro(m)wy(1, 1.) dr. 3)
0

The dependence of the weighting function on 7,(7) and solar
and viewing geometry is not shown explicitly; that is, w, =
w (T, Toy s Mo, F.(T)), Wwhere p, and p are the cosine of the
solar and viewing angles, respectively. The more explicit nota-
tion will be used only when needed. Note that the weighting
function is normalized in this definition, i.e., (3) must give r% =
r, for a droplet size profile that is constant with height. Both r}
and w are shown as wavelength or band dependent, giving a set
of inversion-like formula for r,(7). The ability to infer r,(7)
ultimately depends on the relative orthogonality of the near-
infrared weighting functions as discussed in section 6.

The weighting function needs to capture the multiple-
scattering nature of the problem. Weightings based on single-
scattering properties, such as layer extinction or single-
scattering albedo will not, in general, be sufficient [McFarquhar
and Heymsfield, 1998]. Several possibilities for an appropriate
weighting function exist. We begin with a simple weighting for
reflected radiation.
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4.1. Weighting by Maximum Vertical Photon Penetration

A weighting proportional to the maximum vertical penetra-
tion obtained by photons will capture some aspect of the mul-
tiple-scattering process for reflected radiation. Such a weight-
ing could, of course, be found from a Monte Carlo calculation
where the total fraction of reflected photons penetrating to
each layer can be determined. However, such a method is
computationally intensive. A faster and more efficient mean of
calculating this weighting is through superposition principles.

Consider the bidirectional reflectance R(7.), from a cloud
with optical thickness 7., overlying a black surface. The addi-
tion of a differential layer d r to the base of the cloud results in
a reflectance increase of dR = R(7. + dt) — R(7.). By
definition, dR represents the part of the total reflected signal
R(71. + dr) contributed by photons that penetrate only as
deep as the 1. + d layer. Photons penetrating deeper would
be absorbed by the black surface, while photons having all
scatterings above the 7. level do not contribute to dR. There-
fore the ratio dR/R(1. + d7) ~ dR/R(1,) must represent the
fraction of all reflected photons that penetrate to a maximum
depth between 7. and 7. + dr. This must also hold true for
arbitrary layers within a cloud; that is, (R(7 + d1) — R(1))/
R(t,) gives the fraction of all reflected photons that penetrate
to a maximum depth between 7 and 7 + dr, in a cloud of
optical thickness 7., where R(7) is the reflectance from the
portion of the cloud above the level 7 (i.e., calculated with
lower layers absent). A normalized weighting compatible with
(3) is therefore

dR(1)

dr
WnlT, 7)) = R 4)

with the subscript m signifying a maximum penetration weight-
ing and the wavelength-dependence understood. It should be
noted that the derivative is calculated for a d+ layer added to
the base of the cloud, not the top, an important distinction
when cloud microphysics varies with height.

The interpretation of w,, as a weighting proportional to
maximum photon penetration is valid for a black surface. Ac-
counting for surface-reflected photons is at odds with the
weighting definition since all such photons will have passed
through the deepest possible cloud level, i.e., cloud base, at
least once. The extent to which a known surface reflectance
will modify the inference of effective radius r% for a vertically
inhomogeneous cloud will be discussed later. If the difference
between the retrieval with and without a typical surface reflec-
tance is negligible, then (4) is still directly applicable. Other-
wise, a modification to the weighting is required (equation (3)).

Calculations are made using the adding/doubling or super-
position technique of Twomey et al. [1966]. Only the funda-
mental, or azimuthally averaged reflectances, are presented,
which should be sufficient for the multiple-scattering problems
being considered. Because of reciprocity in bidirectional re-
flectance [Chandrasekhar, 1960, p. 172], an exchange of solar
and viewing directions does not change the weighting function;
that is, w,,, (1, T., 1, o) = W, (T, Te, B> #). A maximum
penetration weighting for a reflected flux (albedo) measure-
ment can be calculated in a similar manner; bidirectional re-
flectance in (4) is simply replaced by the albedo. An example of
the weighting function is plotted in Figure 2 for profile C.
Details of the cloud model are given in the figure caption. The
shape of the weighting function will be discussed shortly. Ex-
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Figure 2. Two proposed normalized vertical weighting func-
tions, w,,, (proportional to maximum photon penetration) and
w, (proportional to number of photon scatterings), for a 2.2
wm spectral channel, using both superposition formulae (lines)
and Monte Carlo calculations (symbols). Calculated for the
cloud of Figure 1 using profile C in Table 1, cosine of solar
zenith and viewing angles of u, = 0.65 and p = 0.85, respec-
tively, and an azimuthal average. Plots of the scattering num-
ber weighting function include weightings for both reflected
and transmitted radiation, w}, and w,, respectively.

cellent agreement with Monte Carlo calculations, also shown
in the plot, confirms the interpretation of (4) and verifies its
numerical implementation.

4.2. Weighting by the Average Number of Photon Scatterings

A weighting proportional to the average number of photon
scatterings in individual cloud layers would seem more capable
of accounting for the effect of multiple scattering on retrievals.
For example, consider a reflectance-based retrieval. In a
Monte Carlo calculation, such a weighting can be found from
the total number of scatterings encountered by reflected pho-
tons in each layer. The normalization is then the total number
of reflectance scatterings. Dividing the number of scatterings
in each layer by the total number of reflected photons gives an
alternative expression for the weighting. Now the normaliza-
tion becomes the average number of scatterings for all re-
flected photons, and the weighting is proportional to the aver-
age number of reflectance scatterings in each layer. For
example, a layer average of 0.5 can be interpreted as meaning
that on average, half of all reflected photons had a scattering in
that layer. This fraction will be much less than 1 for thin layers
and can be greater than 1 if the layer is thick enough to
generate multiple scattering.

Though this weighting is more involved than w,,,, where only
the deepest scattering layer encountered by a photon was con-
sidered, it remains to be seen whether it provides a better
weighting in the sense of (3). However, unlike w,,, a weighting
based on layer scattering can be defined for transmittance as
well as reflectance. We designate this weighting by w4, where
the subscript N signifies a number of scatterings weighting and
the superscript r refers to a reflectance weighting (superscript
t will refer to a transmittance weighting). Monte Carlo calcu-
lations are computationally intensive and would limit the utility
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of the weighting. As before, a much more efficient means of
calculating this weighting is also available through superposi-
tion principles and is described in detail by Platick [2000b)].
Once again, all calculations are made using the adding/
doubling matrix formulation of Twomey [1966]. As with the
maximum penetration weighting, there is also reciprocity upon
exchange of solar and viewing directions for the bidirectional
form of this weighting.

Examples of a reflectance and transmittance weighting for a
2.2 um channel are shown in Figure 2. Calculations are for
7. = 8 and effective radius profile C(r, ~ z) with cloud base
and top effective radii of 5 and 12 pm, respectively. Other
details are given in the caption. Both superposition and Monte
Carlo calculations are shown. The agreement is excellent, es-
tablishing the use of superposition formulae in calculating
these plane-parallel scattering statistics. The average number
of scatterings also agree with Monte Carlo calculations for
both reflected and transmitted photons at all optical thick-
nesses of interest [Platnick, 2000b]. The figure also shows the
maximum penetration weighting for reflectance w,,. In both
cases the upper part of the cloud is weighted more heavily then
lower portions as expected, with w}, being the more extreme.
The transmittance weighting is relatively symmetric with opti-
cal depth, showing a broad maximum throughout the middle
layers of the cloud. Figure 3 shows the weighting functions for
three different cloud optical thicknesses, with the same micro-
physics and geometry of Figure 2. The decrease in w,, toward
cloud top is due to an initial increase in the derivative dR/d t
(equation (4)) for thin clouds. Note that at any given level,
dR/dt will increase if effective radius decreases (a result of
both decreasing asymmetry parameter and droplet absorption
at smaller radii). This explains the slight increase in w,, near
cloud base for the thinnest cloud example where smaller ef-
fective radii in the lowest layer are contributing incrementally
more to the overall reflectance than adjacent layers.

5. Retrieval Examples for Vertically
Inhomogeneous Clouds

The accuracy of the proposed weightings in estimating re-
trieved effective radii via (3) was tested on the two profiles
described in Table 2. Four clouds, each with different optical
thicknesses and effective radius boundary conditions, are con-
sidered for each profile, as discussed in section 3.1. As men-
tioned, the model clouds were built up from thin homogeneous
cloud layers of optical thickness 0.25. Each layer was assigned
an effective radius equal to the integer value closest to the
profile-specified size at the depth corresponding to the layer
midpoint. Reflectances in the various bands were calculated
for the model cloud using the superposition/adding techniques
already discussed. These reflectances then served as measure-
ment input to a retrieval code which determined effective
radius by matching the model cloud reflectance with entries in
a homogeneous cloud reflectance library spanning the ex-
pected range of retrieved radii and optical thickness (see sec-
tion 2 for more detail). Comparisons between weighting-
derived size estimates and the retrieval code are made for each
of the three near-infrared bands.

In the usual algorithm implementation, an absorbing and
nonabsorbing band are used to retrieve effective radius and
optical thickness. For the vertically inhomogeneous cloud, this
can lead to slight differences between the retrieved and the
actual optical thickness. The optical thickness error may then



22,926

cloud
top
o
3
o
3}
£
e
E=
2
c
g
Q
[}
ge]
©
.0
=
Q.
o :
r
1
)
1}
H
cloud |1 I . I N 1
15— .
base 0.0 0.1 0.2 0.3
vertical weightings for reflectance
cloud
top °
Ee]
3
o
3}
£ 5 -
<
=
2
= L
Q. [
[0) ,
o [ :
— 8 ! o
g 10 ! w/liT=5
5 :
@ : —ow /] i T=8
/,‘ - wN’ T.= 15
C|°Ud1'..".|.“‘.“,.
base
as 0.0 0.1 0.2 0.3

vertical weighting for transmittance

Figure 3. Dependence of the normalized vertical weighting
functions on cloud optical thickness for reflected (top plot) and
transmitted (bottom) radiation, for a 2.2 um spectral channel.
Calculated for the same droplet size profile, microphysical
boundary conditions, and geometry of Figure 2.

affect size retrievals. This is most pronounced when using the
less absorbing near-infrared bands in conjunction with thin
clouds. To the extent that the weighting function estimate from
(3) implicitly assumes that optical thickness is known, it is
useful to isolate the size retrieval from its optical thickness
dependence. So for consistency, retrievals in the following
comparisons are made with the optical thickness specified.
However, letting the optical thickness be a variable during the
retrievals only had minor impact, typically modifying retrieved
effective radii by less than 0.2 um for the 1.6 and 2.2 pm bands;
no differences are found in 3.7 um size retrievals because of
the band’s greater absorption. The 3.7 um band results use the
reflectance signal only, i.e., removal of cloud emission is as-
sumed to occur without error. Further, all retrievals are made
in the absence of an atmosphere and with a black surface.
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5.1.

The comparisons are shown in Table 3a for a bidirectional
reflectance measurement with cosines of the solar and viewing
zenith angles of 0.65 and 0.85, respectively. The first column
under each profile gives the effective radius from the retrieval
code. The second and third columns estimate the retrieval with
(3) using weightings w,, and w/, respectively. Results are
shown for each of the three near-infrared bands.

Several observations can be made. First, since effective ra-
dius was specified to increase with height, retrieved sizes in-
crease with band wavelength (i.e., water absorption). Second,
differences between 1.6 and 2.2 um retrievals are always less
than between those bands and the 3.7 um band retrieval. The
magnitude of the size difference depends on cloud thickness
and droplet size profile. Differences between 1.6 and 3.7 um
band size retrievals vary from 0.8 to 1.5 um for the adiabatic
profile. The 1.6 and 2.2 um band retrieval differences are
smaller, ranging from 0.3 to 0.6 wm. As expected, for otherwise
identical clouds, retrievals for profile D are always less than for
the adiabatic profile, and differences among the near-infrared
retrievals are larger by more than several micrometers. Con-
versely, the subadiabatic aloft profile (A) results in slightly
larger retrievals in all bands compared with the adiabatic cloud
model, and differences between the bands are somewhat
smaller (not shown).

Both weightings do a good job in approximating the re-
trieved radius and are practically equivalent in the 3.7 um
band. However, the maximum penetration weighting, w,,,
gives the best retrieval estimate for all bands over a wide range
of cloud thicknesses and droplet sizes. The average number of
scatterings weighting w’, tends to overestimate the retrieved
size more than w,,. This is somewhat surprising given the
higher-order scattering information contained in the weight-
ing. In an attempt to reduce the size estimate, various modi-
fications to the w’, weighting were considered, including one
proportional N;w};, where @,, is the layer single-scattering
albedo. This modification typically reduced the size estimates
by only a tenth of a micrometer, leaving the w,, estimate as the
preferred weighting. Fortunately, the w,, weighting also has
the advantage of being the simplest to calculate. For all cloud
models in Table 3a, differences between w,, size estimates and
retrievals for the adiabatic profile are within 0.3 wm for the 1.6
wm band and within 0.1 pm for the 2.2 and 3.7 um bands.
These differences are small compared with estimates of size
uncertainty based on homogeneous cloud retrievals [Platnick
and Valero, 1995]. The subadiabatic aloft profile results in
slightly smaller differences. For profile D, size differences are
within 0.9, 0.2, and 0.2 um for the 1.6, 2.2, and 3.7 um bands,
respectively. With the exception of the 1.6 um band retrieval
estimate, agreement is still excellent.

As another test of the weightings, consider clouds with ef-
fective radii decreasing with height. While such a profile might
be physically realizable in clouds containing drizzle, the current
interest is mainly in checking the accuracy of the weightings
when the more absorbing layers are located toward cloud base.
This effectively increases photon penetration compared with
an otherwise similar cloud having the larger radii at the top.
Comparisons using the models in Table 3a were repeated but
with the size profiles reversed from top to base (described by
the identical profiles of Table 1, but with the original boundary
conditions . and r, switched). The adiabatic profile now
decreases relatively slowly from cloud base upward, with a

Tests of the Weighting Functions
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Table 3a. Comparison of Reflectance-Inferred Effective Radius Retrievals With Estimates Obtained From Vertical
Weightings w,,, and w}, Using Equation (3) Versus Spectral Band
Vertical Structure
Cloud Specifications Profile D Profile B (Adiabatic)
e re e re Te re re

A, Cloud Base-Top, Retrieval, w,,, Estimate, wh Estimate, Retrieval, w,,, Estimate, wh, Estimate,
T, um wm oum nm pum um um wm
15 1.6 4-10 73 79 8.1 8.8 9.1 93

22 8.1 8.3 8.4 9.3 9.3 94

3.7 9.4 9.3 9.3 9.9 99 9.9
10 1.6 6-15 10.8 11.3 12.0 13.0 13.2 13.7

22 11.8 11.7 122 13.6 135 139

3.7 134 13.3 133 14.5 14.4 14.5
8 1.6 5-12 8.0 8.9 9.6 10.2 10.5 109

22 9.1 9.1 9.7 10.7 10.6 11.0

37 10.5 10.3 10.4 114 114 114
5 1.6 8-12 10.0 10.2 10.6 104 10.6 11.0

2.2 10.3 103 10.7 10.7 10.7 11.0

3.7 10.9 10.8 11.0 11.2 11.1 11.3

Retrievals give the droplet size of a homogeneous cloud with bidirectional reflectance equivalent to that of the vertically structured cloud.
Calculations are for horizontally homogeneous plane-parallel cloud layers with effective radii increasing toward cloud top as described by the two
analytic profiles in Table 2. The cloud optical thickness 7, is assumed to be known exactly when determining both retrievals and weighting-derived
estimates. Calculations are for cosine of the solar and viewing zenith angles of w, = 0.65, u = 0.85, respectively, an azimuthal average, and a

black surface at all wavelengths.

rapid decrease near cloud top. Results are shown in Table 3b,
where the w,,, size estimate is now larger than the w}, estimate.
Again, the w,, weighting estimates compare best with the re-
trievals, with overall differences similar to the previous results.

A further test of the w,, weighting can be made with two
separate cloud layers, such as a midlevel cloud overlying a
lower status deck, each having significantly different droplet
sizes. Ignoring absorption and scattering in the medium be-
tween the clouds, the two layers can be modeled as a single
contiguous cloud with a discontinuity in the droplet size pro-
file. The discontinuity provides a more severe test of the
weighting function, at least for bands where a significant part
of the weighting is from the lower cloud layer. Consider two
homogeneous clouds. Let R, be the reflectance in some band
for the upper cloud alone and R, the net reflectance resulting
from the superposition of both clouds. Then from (4) the net
integrated weighting for the upper and lower cloud layers is

R,/R, and (R, — R,)/R, = 1 — R,/R_, respectively. Ap-
plying (3) therefore gives a weighting-inferred effective radius
estimate of r; = r, (Ry/R.) + r.,(1 — R,/R,), wherer, and
r,, are the effective radii in the upper and lower clouds, re-
spectively. As an example, let Fe, = 10 pm,r, =5 pm, 7, =
T, =5 (ie, 7, = 10), p = 0.85, and p, = 0.65. The net
weighting for the upper cloud is found to be 0.62, 0.68, and 0.92
for the 1.6, 2.2, and 3.7 um bands, respectively, giving size
estimates of 8.1, 8.4, and 9.6 wm, respectively. Estimates from
the two longer wavelength bands are found to be within 0.2 um
of the actual retrievals (same analysis as Tables 3a and 3b),
whereas the 1.6 um size estimate is about 0.8 um larger. As in
Tables 3a and 3b, the 1.6 um band weighting estimate tends to
differ most from the retrieval. This is due to the band’s rela-
tively weak droplet absorption and hence limited size informa-
tion for clouds much thinner than that corresponding to the
asymptotic reflectance limit.

Table 3b. Same as Table 3a but for Plane-Parallel Cloud Layers With Effective Radii Decreasing Toward Cloud Top

Vertical Structure

Cloud Specifications Profile D Profile B (Adiabatic)
T re re re re re re
A, Cloud Base-Top, Retrieval, w,, Estimate, wh, Estimate, Retrieval, w,, Estimate, w’, Estimate,
T, pm pm um um um um um um
15 1.6 104 6.0 5.7 5.6 45 43 42
22 5.6 5.4 5.3 42 42 42
37 4.8 4.7 4.6 4.0 4.0 4.0
10 1.6 15-6 9.2 9.2 8.7 6.9 6.8 6.5
22 8.6 8.7 8.4 6.6 6.6 6.4
3.7 7.5 7.4 7.3 6.2 6.2 6.1
8 1.6 12-5 7.5 7.7 7.2 5.8 5.7 54
2.2 7.2 7.3 7.0 5.6 5.5 5.4
3.7 6.5 6.4 6.2 52 52 52
S 1.6 12-8 9.8 9.9 9.5 9.2 9.1 8.7
22 9.7 9.8 9.5 8.9 9.0 8.7
3.7 9.2 9.2 9.1 8.5 8.5 8.4
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Figure 4. Normalized vertical weighting w,,, for bidirectional
reflectance, for visible and near-infrared cloud remote sensing
channels, calculated using the superposition formulae dis-
cussed in the text, and the cloud described in Figure 2. The
cloud optical depth corresponding to the retrieved radii for
each near-infrared channel is also indicated.

We conclude that w,, provides an accurate, and apparently
robust, weighting for use in (3). Further plots of this weighting
are shown in Figure 4 for visible and near-infrared bands and
the cloud described in Figure 2. The optical depth correspond-
ing to the weighting-derived retrieved size is indicated in the
plot.

5.2. Angular Dependencies

For the same cloud and solar zenith angle of Figure 4,
Figure 5a shows the weighting dependence on viewing angle
for each near-infrared band (0.45 = p =< 0.95). The weighting
for albedo is also shown. It is clear that larger viewing angles
correspond to an increase in the upper cloud weighting. Re-
trieved sizes will therefore vary with both solar and viewing
angles for vertically inhomogencous clouds. Table 4 gives the
retrieved effective radius in each band as a function of viewing
angle for the adiabatic profile. Retrievals change by about 1
wm in the shorter wavelength bands for 0.15 = u = 0.95. The
optical depth corresponding to the retrieved size is also given
in the table along with the corresponding relative geometric
depth 1 — z/h (z is height from cloud base, # is total cloud
geometric thickness). These depths are the level at which an in
situ aircraft would have to fly to measure droplet sizes equiv-
alent to the retrievals. The corresponding relative optical
depth 7/7,. ranges from less than 0.1 for the 3.7 um band at
w = 0.25 to over 0.5 for the 1.6 um band at a nadir view;
similarly, the relative geometric depth ranges from 0.05 to 0.4,
respectively. Exchanging solar and viewing directions results in
identical weightings, size estimates, and retrievals due to rec-
iprocity in bidirectional reflectance as discussed previously. So
the results of Figure 5a and Table 4 are also valid for u = 0.65
and p, varying.

Two points can be made. First, aircraft microphysical sam-
pling at a single cloud level may provide misleading validation
results. Consider the adiabatic cloud example of Table 4 for
w = 0.85. An aircraft flying in cloud, at an altitude equal to one
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Figure 5a. Dependence of the normalized bidirectional re-
flectance weighting w,,, on the cosine of the viewing angle u for
three near-infrared channels, and the cloud described in Fig-
ure 2. The weighting for reflected flux, or albedo, is also shown.

third of the cloud geometric thickness, would measure an ef-
fective radius equivalent to the 2.2 um band retrieval of 10.6
wm, similarly for the 1.6 pm band retrieval (10.5 wm). How-
ever, the 3.7 um band retrieval would be 11.4 um, or almost 1
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Table 4. Weighting-Derived Effective Radius Retrievals Versus Spectral Band and Cosine of the Viewing Zenith Angle, u

1.6 um 2.2 pm 3.7 um
Viewing rt T 1 - z/h rt T 1 — z/h rt T 1 — z/h
Zenith w,, Esti- Corre- Corre- w,, Esti- Corre- Corre- w,, Esti- Corre- Corre-

Angle mate, sponding sponding mate, sponding sponding mate, sponding sponding
i wm tors tor} um tor: tor: um tor? to rl
0.95 10.4 42 0.38 10.6 3.8 0.34 11.3 22 0.19
0.85 10.5 4.0 0.36 10.6 3.7 0.33 11.4 1.9 0.16
0.75 10.6 3.8 0.34 10.8 3.4 0.30 11.5 1.7 0.14
0.65 10.7 35 0.32 10.9 31 0.28 11.5 1.5 0.12
0.55 10.8 33 0.29 11.0 2.9 0.25 11.6 1.3 0.10
0.45 11.0 3.0 0.26 111 2.5 0.22 11.7 1.1 0.09
0.35 11.1 2.6 0.23 11.3 2.2 0.19 11.8 0.8 0.07
0.25 11.2 23 0.19 114 1.9 0.15 11.8 0.6 0.05
0.15 114 1.9 0.16 11.5 1.5 0.12 11.9 0.4 0.04

Calculated for 7. = 8, effective radii varying from ry,, = 5 um to r,,, = 12 pm with an adiabatic profile, u, = 0.65, and a black surface.

wpm larger than the measured effective radius. The discrepancy
would not be a fault of the retrieval but an artifact of using in
situ data from single-level measurements in validating retriev-
als from a vertically structured cloud. The discrepancy would
of course depend significantly on the cloud optical thickness
and droplet size profile. Effective radius measurements made
at other cloud levels would differ from the 1.6 and 2.2 um band
retrievals as well. As the viewing and/or solar zenith angle
increases, the cloud level consistent with the retrievals moves
toward cloud top. Therefore a second observation is that for
large zenith angles it may be difficult to measure droplet sizes
in the very upper regions of the cloud as needed for validation.
This is especially true for comparison with 3.7 um band re-
trievals where validation requires in situ measurements in the
upper 10% of the cloud for u = 0.55.

5.3. Liquid Water Path Estimates

An estimate of liquid water path (LWP) can be made from
optical thickness and effective radius retrievals. Combining (1)
and (2) yields LWP = 217r,/3 (effective radius in micrometers,
liquid water path in gm~2). The calculation is strictly valid only
for homogeneous clouds having a constant droplet size at all
levels. Previous results can be used to test the accuracy of the
formulation for the inhomogeneous clouds of Table 2. Water
path calculations are shown in Table 5 for the adiabatic cloud,
using size retrievals from Table 3a. Liquid water path retrievals
generally overestimate actual water path since retrieved effec-
tive radii tend to be larger than the mean geometric cloud
droplet size. However, overestimates of the actual water path
using 1.6 and 2.2 um band retrievals are seen to be less than
10% and only about 5% on average. The 3.7 um band retriev-
als, having larger retrieved effective radii, overestimate water
path by 5-17% and by about 12% on average. As expected, the
thicker clouds produce the larger errors. Use of the subadia-
batic cloud model (profile 4) results in smaller liquid water
path retrieval errors than for adiabatic clouds. Cloud profile D
retrievals tend to give the largest water path errors with esti-
mates being, on average, about 3, 9, and 20% greater than
actual for the 1.6, 2.2, and 3.7 um band retrievals, respectively;
in one case (1. = 5), the 1.6 um band retrieval gives a water
path less than the actual. However, as discussed, profiles 4 and
B are considered the most physically realistic for single-layer
clouds, while profile D mainly serves to test the weighting
formulations under more extreme circumstances. The results
suggest that retrievals can provide reasonable estimates of

liquid water paths, even for moderately thick vertically inho-
mogeneous clouds.

5.4. Retrievals in the Presence of a Reflecting Surface

Retrievals and weightings have been presented for clouds
overlying a black surface. If downwelling intensity from cloud
base can be considered Lambertian, the surface albedo of the
ocean in visible and near-infrared bands is relatively small at
about 0.04 (assuming that specular Fresnel reflectance is the
main component and ignoring surface roughness and sea
foam). Land surface albedo may vary widely for these bands
[Kaufman et al., 1997]. 1t is not obvious whether retrievals over
a known reflecting surface will differ significantly from retriev-
als for the same cloud overlying a black surface. The assump-
tion of the surface albedo being known is very important. Error
due to imperfect knowledge of the albedo is not being inves-
tigated here but rather the impact of the surface on the vertical
weighting and size retrieval. It is expected that reflected pho-
tons having a scattering with the surface will increase the in-
formation contribution of lower layers and tend to reduce the

Table 5. Comparison of Reflectance-Inferred Liquid Water
Path (LWP) With the Actual Water Path

Vertical Structure Profile B

Cloud Specifications (Adiabatic)
r, r LWP LWP
A, Cloud Base-Top, Retrieval, Retrieval/ Actual,
T, um wm wm Actual gm?
15 1.6 4-10 8.8 1.06
2.2 9.3 1.10 89
3.7 9.9 1.17
10 1.6 6-15 13.0 1.03
2.2 13.6 1.08 88
3.7 14.5 1.15
8 1.6 5-12 10.2 1.00
2.2 10.7 1.05 57
3.7 11.4 1.12
5 1.6 8-12 10.4 1.00
2.2 10.7 1.03 37
3.7 11.2 1.05

Calculations are for horizontally homogeneous plane-parallel cloud
layers with effective radii increasing toward cloud top. Two analytic
possibilities for the functional dependence of effective radius on cloud
optical depth are considered (see Table 2). Comparisons are for bidi-
rectional reflectance with p, = 0.65, u = 0.85, and a black surface.
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retrieved effective radius (when droplet sizes increase with
height). If the difference between retrievals with and without a
known reflecting surface are negligible, then (4) is still a useful
reflectance weighting.

Reflectance retrievals were made for the clouds of Table 3
overlying Lambertian surface albedos of 0.20, 0.10, and 0.05
for the 1.6, 2.2, and 3.7 um bands, respectively. The albedos
are based on nominal values for measured vegetation scenes
[Kaufman et al., 1997]. As before, comparisons are made as-
suming the optical thickness is known exactly. In nearly all
cases, retrievals changed insignificantly in the presence of the
known reflecting surface (by less than 0.05 um). The single
exception was the 1.6 um band retrieval for the cloud with
7. = 8, which showed a difference of about 0.2 um for the
linear profile (D); the adiabatic profile gave a smaller differ-
ence. In general, relatively thick clouds will have enough ab-
sorption in the near infrared to effectively hide the surface, and
consequently there can be no discernible effect on retricvals.
While thinner clouds might allow the surface to impact mea-
surements, smaller relative changes in droplet size with height
limit the impact on retrievals. Even a thin cloud, with a rather
unlikely larger range in droplet size, can show little effect from
the surface. For a cloud with 7. = 3, r,, . =5 pm, r\,, = 10
wm (equivalent angles as in Table 3), retrievals made with the
reflecting surface differ at most by 0.04 um compared with the
black surface, for all bands and profiles.

These examples suggest that the effect of a known surface
albedo (vegetation) on droplet size retrievals from vertically
inhomogeneous clouds is negligible. If generally true, calcula-
tions of w,,, for a cloud overlying a black surface can still be
used in estimating retrieved sizes.

5.5. Comments on Transmittance-Inferred Retrievals

Retrievals can be made with modeled transmittances in a
manner similar to the reflectance-based retrievals. However,
transmittance measurements contain relatively little informa-
tion regarding droplet size. This is due, in part, to the compet-
ing way in which droplet single-scattering albedo and asymme-
try parameter vary with effective radius, as discussed in section
2. Two difficulties result. First, the sensitivity of transmittance
to effective radius over the expected droplet size range is much
smaller than for reflectance. This is a difficulty common to all
the near-infrared bands. For example, |d T/dr,| = 0.005 in the
2.2 wm band (for 7, > 1, r, = 8 pm, u = 0.85, u, = 0.65).
In comparison, sensitivity for reflectance, |[dR/dr,|, is larger by
a factor of 3-8 for the same situation. This implies that suc-
cessful real-world transmittance retrievals require more accu-
rate measurements and cloud models than reflectance retriev-
als. Second, and more problematic, transmittance curves do
not always monotonically decrease with effective radius for a
fixed optical thickness in the 1.6 and 2.2 um bands. This can
result in multiple solutions when attempting transmittance-
inferred size retrievals. The problem does not appear to be so
significant for the 3.7 um band, though retrievals are now
limited to relatively thin clouds due to the larger droplet ab-
sorption. Emission is also a source of difficulty in this band.
From a theoretical perspective, with no measurement or model
error, we can at least test the effectiveness of the transmittance
weighting w, for the 3.7 um band. The approach is identical to
the reflectance retrieval. For the thinnest cloud in Table 3a
(7, = 5) the weighting gives size estimates within about 1 um
of the retrievals for both profiles. Figure 5b shows the trans-
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Figure 5b. Same as Figure 5a but for the bidirectional and
flux transmittance weighting function w,.

mittance weighting function w#, for the near-infrared bands as
a function of viewing angle for the same cloud of Figure 5a.
5.6. Retrievals Based on Single Scattering

Details of the of the droplet phase function in the backscat-
tered direction can be observed in the glory pattern. This is a
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single-scattering phenomenon where differences in scattering
angle between brightness peaks of the glory and/or the location
of the peaks can be used to estimate droplet size [Spinhirne and
Nakajima, 1994]. Similarly, polarization patterns observed with
the POLDER instrument aboard the ADEOS satellite, also a
single-scattering effect, have been used to infer cloud-top
droplet sizes [Descloitres et al., 1998]. Droplets contributing to
singly scattered radiation will be, on average, located at a depth
corresponding to the mean free optical path of reflected pho-
tons, which is unity by definition. Representative droplets are
therefore located at an optical depth of (™' + uy') ™' (ac-
counting for slant path propagation). This can also be derived
from either of the two weighting functions w,, and w’,, which
are equivalent for singly scattered photons. Following (4) the
single-scattering contribution to reflectance originating from a
differential layer located at a depth 7 can be written as
dR(1) = wp(0) exp (—art) dr, where p(0©) is the scatter-
ing phase function at the scattering angle ®, anda = ™' +
o . Assuming p(®) is constant over the vertical region
where exp (—a) is significant, integration gives the net single-
scattering contribution between cloud top and depth 7 as
R(7) = wop(®)a '[1 — exp (—ar1)]. The denominator of
(4), R(7,), then becomes wyp(®)a~"' for a cloud optical
thickness such that a7, >> 1, and the derivative in the nu-
merator is evaluated asdR(7)/dT = wyp(®) exp(—ar). The
ratio gives the weighting for singly scattered reflected radiation
as

wamgle(T) =ae . (5)

The average optical depth 7 is given by the first moment of (5),
which is a ~! as expected. Note that ¥ < 0.5 (maximum for
overhead solar and viewing angles). This close proximity to
cloud top implies that single-scattering retrieval methods will
infer larger droplet sizes than the reflectance-inferred retriev-
als (for droplet size increasing with height), except in the op-
tically thin limit where both are equivalent.

Optical depths corresponding to retrieved effective radii
were given in Table 4 for the adiabatic cloud model with 7, =
8. The table shows those depths to be much greater than the
single-scattering mean depth for all bands and viewing angles.
For instance, the 2.2 um band retrieval at . = 0.85 and y, =
0.65 corresponds to a depth of 3.7 (effective radius of 10.6
um), whereas the single-scattering depth is 0.37 (effective ra-
dius of about 12 um, corresponding to a geometric depth of
less than 10 m for this example). It is practically impossible to
obtain statistically meaningful in situ measurement of droplet
sizes this close to cloud top where significant entrainment from
above is probable. Single-scattering methods might therefore
provide a practical method for studying cloud-top microphys-
ical processes.

5.7. Weighting Functions for Emission

Cloud thermal emission can be a significant, and sometimes
dominant part of the total measured intensity in the 3.7 um
band. For example, a uniform cloud that is optically thick at
this wavelength (7. = 6), with an effective radius of 10 um
and a temperature of 290 K, emits radiation that is roughly
equivalent to the reflected solar radiation. Larger effective
radii would have greater droplet absorption, thereby increasing
cloud emissivity and emission, and decreasing cloud reflec-
tance or transmittance. Reflectance-based retrieval algorithms
compare the total upwelling 3.7 um measured intensity with
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reflectance and emissivity libraries calculated from homoge-
neous cloud models. It is not obvious that emitted and solar
reflected (or transmitted) 3.7 um radiation in vertically struc-
tured clouds would be represented by the same homogeneous
cloud effective radius. Emission is further complicated by a
potentially significant thermal structure. Analogous to the pre-
vious use of vertical weighting functions in solar scattering
problems, we seek a function such that (3) approximates the
effective radius of a homogeneous cloud having the same emis-
sion as the vertically inhomogeneous cloud. We denote this
vertical weighting function as w_ (7, 7., p) corresponding to
emission in the viewing direction u. In general, for a vertically
structured cloud, two separate weighting functions will be
needed to describe emission transported to both cloud base
and cloud top boundaries. In the following discussion, we use
a single notation for both.

A straightforward candidate weighting for emission is one
proportional to the amount that a differential layer contributes
to the overall emitted intensity, i.c., a weighting defined such
that w, (7, 7., u) dr gives the radiation emerging at a cloud
boundary in the direction u, due to photons emitted in all
directions from a layer of thickness d 7, located at a depth 7, in
a cloud of optical thickness .. The normalization of this
weighting is therefore the net cloud emission in the direction
w. The weighting is derived by first determining layer emission
and then accounting for transport to the boundaries. Radiation
emitted by a differential layer is B(T) d7(1 — w,)/u, where
dr(l — w,)/p is the layer emissivity, B(T) is the Planck
function, T is the temperature of the layer, and @, is the
layer’s single-scattering albedo. It is understood that all scat-
tering and emission quantities are a function of wavelength and
position. Transport of layer emission to the cloud boundaries is
then obtained from the escape operators, or escape matrices in
the present numerical implementation. A discussion of escape
operators in homogeneous emission problems and some exam-
ples are given by Twomey [1979]. Modifications to vertically
inhomogeneous layers are straightforward.

For low-level adiabatic clouds, temperature decreases ap-
proximately linearly with height up to several kilometers in
thickness. For a cloud 300 m thick (considered in Table 2) the
temperature difference between cloud base and cloud top
would only be a couple of degrees Kelvin. A subadiabatic cloud
may be expected to have an even smaller lapse rate. In the 3.7
pmband, AT = 2 K corresponds to less than a 10% difference
in the Planck radiance for warm clouds. For such cases we can
consider the clouds to be isothermal to first order. With B(T)
a constant the proposed emission weighting reduces to the
effective emissivity of the layer as observed from cloud top or
base. Since 1 — @, is approximately proportional to effective
radius for cloud droplets in the near infrared [Twomey and
Bohren, 1980], replacing the weighting’s d7(1 — w,)/u layer
emissivity term with d7/p would appear to give a weighting
more appropriate for use in (3). The following examples sug-
gest that this modification does help in describing cloud-top
emission when modeled cloud effective radii decrease with
height but that the original weighting definition using layer
emissivity works better when effective radii increase with
height. This indicates that neither of the two weightings are
exact in the sense of (3). Still, they provide an adequate ap-
proximation, as demonstrated below.

Cloud-top vertical emission weightings for the 3.7 um band
were determined for four isothermal clouds with the vertical
structure described in Table 2. The weightings were then used



22,932

Table 6a.
Isothermal Cloud
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Comparison of 3.7 um Reflectance-Inferred Effective Radius Retrievals (Table 3a) With That of Emission for an

Vertical Structure

Cloud Specifications Profile D Profile B (Adiabatic)
r, r r rk r
Cloud Reflectance-Only ~ Emission-Only rk Reflectance-Only  Emission-Only rh
A, Base-Top, Retrieval, Retrieval, w, Estimate, Retrieval, Retrieval, w, Estimate,
T, pm pm pm um um pm pm wm
15 3.7 4-10 9.4 9.1 8.7 9.9 9.8 9.6
10 37 6-15 13.4 13.0 12.5 14.5 14.2 13.9
8 3.7 5-12 10.5 10.1 9.8 11.4 11.2 11.0
5 37 8-12 10.9 10.8 10.6 11.2 11.1 109

Retrievals corresponding to reflectance are the droplet size of a homogeneous cloud having a bidirectional reflectance equivalent to that of
the vertically structured cloud. Retrievals corresponding to emission are the droplet size of a homogeneous cloud giving an emissivity equivalent
to that of the vertically structured cloud; an estimate of this radius using an emission weighting w, proportional to (1 — ) d7/p; with equation
(3) is also shown. Calculations are for horizontally homogeneous plane-parallel cloud layers with effective radii increasing toward cloud top.

Comparisons are for u, = 0.65, 1 = 0.85, and a black surface.

in (3) to approximate the effective radius of a homogeneous
cloud having the same cloud-top emission as the vertically
structured cloud. Results are summarized in Table 6a for 7,
increasing with height, when using the weighting proportional
to layer emissivity. Table 6b gives results using the modified
weighting for r, decreasing with height (same situation as
cloud base emission when r, increases with height). Also
shown is the droplet size inferred by matching calculations of
homogeneous cloud-top emission with the vertically structured
cloud emission. This is analogous to a reflectance-based effec-
tive radius retrieval and is referred to in the table as the
emission-only retrieval. Potential surface emission transmitted
through the cloud is ignored. The weighting-derived effective
radii are generally within several tenths of a micron of the
retrieved size for the adiabatic clouds and typically better than
half a micron for clouds specified by effective radius linear with
optical depth.

For comparison, Tables 6a and 6b also give reflection-
inferred effective radius retrievals, referred to as reflectance-
only retrieval (from Table 3). The encouraging conclusion is
that reflectance and emission-inferred effective radii retrievals
for all modeled clouds are, on average, within 0.2 um of each
other, with a maximum difference of 0.4 pum; the maximum
difference is just 0.2 pm for the adiabatic cloud models. We
conclude that for the 3.7 wm band, a consistent effective radius
is likely to represent both reflectance and emitted radiation in
vertically structured clouds. If this were not the case, retrieved

radii would lie somewhere between the reflectance-inferred
and emission-inferred sizes, depending on cloud temperature
and structure. These results are somewhat remarkable given
the difference in the emission and reflectance vertical weight-
ing functions. An example is shown in Figure 6.

The emission weighting function discussed in this section
should also prove useful for studying cloud particle size re-
trievals using longer wavelengths, such as the 8.5, 10, and 11
pm bands [Ackerman et al., 1998] and in comparing size infor-
mation from those algorithms with solar scattering methods.

6. Information Regarding the Droplet Size
Profile

To the extent that the retrieved effective radius varies with
each near-infrared band in the examples of Table 3, there is
evidently some information regarding the droplet size profile
that may be inferred from the three retrievals. The weighting
function plots of Figure 5a also demonstrate that each near-
infrared band is sampling the cloud layers in different propor-
tions, suggesting the possibility of an inversion for the size
profile. However, the relatively monotonic nature of the func-
tions, except for a small maximum near cloud top, makes them
less than optimum for inversions. A quantitative assessment of
the information content in the three reflectance-based retriev-
als will be discussed in this section. It is the information con-
tent that is of immediate interest. Implementation and testing

Table 6b. Same as Table 6a but for Plane-Parallel Cloud Layers With Effective Radii Decreasing Toward Cloud Top and

an Emission Weighting w, Proportional to d7/p;

Vertical Structure

Cloud Specifications Profile D Profile B (Adiabatic)
r. rt rh r r*
Cloud Reflectance-Only ~ Emission-Only rh Reflectance-Only ~ Emission-Only rk
A, Base-Top, Retrieval, Retrieval, w, Estimate, Retrieval, Retrieval, w, Estimate,

T, pum pum ©wm um wm pm um pwm
15 37 104 4.8 5.1 52 4.0 42 42
10 3.7 15-6 7.5 7.6 8.4 6.2 6.3 6.5
8 3.7 12-5 6.5 6.8 7.1 52 5.4 55
5 3.7 12-8 9.2 9.4 9.6 8.5 8.6 8.8
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Figure 6. Example of normalized reflectance and cloud-top
emissivity weightings for a 3.7 um spectral channel. Calculated
for the same profile, microphysical boundary conditions, and
geometry of Figure 2. Though the curves are significantly dif-
ferent, the weighting-derived effective radius (equation (3))
differs by only a few tenths of a micron.

of an actual inversion algorithm is not undertaken. Ultimately,
the usefulness and required accuracy of an inversion depends
on the intended application (e.g., improvement in liquid water
path estimates, cloud process studies, etc.).

At most, three pieces of unique information regarding the
profile shape can be acquired from the three retrievals. How-
ever, both the figure and the retrieval results make it clear that
there is relatively little difference in the information content of
the 1.6 and 2.2 wm bands. There will be an obvious difficulty in
realizing unique information from both these bands when dif-
ferences between the two retrievals are less than the retrieval
uncertainty. For such a case, information is effectively limited
to two pieces of information. Retrieval uncertainty can be
present in the form of measurement error, error in weighting
function effective radius estimates, and numerical error. The
eigenvalues of the covariance, or correlation, matrix are a
useful indication of the number of pieces of information pro-
vided by the three weightings in the presence of error. The
elements of this symmetric matrix, C; ;, are given by the inner
product of the weightings (the weighting functions are equiv-
alent to the kernels in inversion theory). For example, we can
let C, 5, = [iw, o(7, T.)w, (7, 7.) d7, where the indices 1
and 2 refer to the 1.6 and 2.2 um weightings, respectively.
Likewise, index 3 will refer to the 3.7 um band. It is useful to
normalize the retrieval equation (equation (3)) by r* which, in
turn, scales the covariance matrix (C, , — C, ,/riry;). Lete,
represents the relative error in retrieving r* (assumed constant
in all bands). Then for all weightings to contribute unique
information, the minimum eigenvalue of the scaled covariance
matrix must be greater than about e2/Nr2,, where N is the
number of measurements and r,, is the mean value of the
unknown r,(7) profile [Twomey, 1977].

As an example, consider the cloud specified by 7, = 8,
Fhase = 5 WM, 7o, = 12 um, with an adiabatic profile (Table
3a). The value of r,, is about 10 pwm for this cloud. It is doubtful
that typical relative retrieval errors can be expected to be
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better than 5% in any band (due to limitations in cloud model
library calculations and instrument uncertainty). Furthermore,
the 1.6 um band weighting function gave about 2.5% error in
the retrieval estimate for this cloud (Table 3a); weighting func-
tion errors in the other bands were about 1% or less. The
combination of retrieval and weighting function error suggests
a relative error in the range of 5-10%. Therefore the minimum
eigenvalues of the scaled covariance matrix need to be greater
than about 8 X 107¢ to 30 X 10° for this example if each
retrieval is to add information. It was found that the smallest
eigenvalue (1 X 107°) is less than these limits, implying that
only two pieces of information are available regarding the size
profile. The 0.1 um difference between 1.6 and 2.2 um weight-
ing-derived retrieval estimates (Tables 3a, 4) conveys the same
conclusion. Some improvement can be obtained by using dif-
ferent viewing angles for each band, for example, from low-
level aircraft measurements. As shown in Figure 5a, the peak
in the weighting function moves toward cloud top and narrows
as viewing zenith angle increases. The previous example was
repeated with a viewing geometry of u = 0.95, 0.65, and 0.45
for the 1.6, 2.2, and 3.7 wm bands, respectively. After scaling,
the minimum eigenvalue is now 32 X 10~°. This implies that
three pieces of information might be possible for 5% relative
error but probably only two pieces for 10% relative error. This
is in accord with expectations from the retrieval results (Table
4), where the 1.6 and 2.2 um retrieval size difference is 0.5 um,
or about 5%. The analysis is for one particular case. Results
will vary with cloud thickness, effective radius profile, and
available geometry. However, similar conclusions occurred for
other profiles and clouds from Table 2.

If three pieces of information are possible, it is not clear
which three pieces are feasible. For instance, we could attempt
to retrieve the three parameters a,, a,, and x in the analytic
formula for the effective radius profile given in Table 1. As an
alternative, r,(7) could be described by the three coefficients
of a second-order polynomial. Though a quadratic is adequate
for approximating profiles C and D of Figure 1, a third-order
polynomial is required to sufficiently approximate a typical
adiabatic profile. However, a quadratic form simplifies the
quadrature of (3), giving the retrieved radius in any near-
infrared band in terms of moments of the weighting function
(ie,rt = ay + a,7 + a,72, where the « values are unknown
coefficients of the quadratic fit, 7 is the first moment of
w,.(7, 7.}, etc.). Retrieval estimates for each band can then be
expressed in matrix form by the rows of the equation r¥ = Aq,
where « is the unknown vector, r¥ constitutes the measurement
vector, and the matrix A contains the moments. Other profile
retrieval alternatives include the effective radii in three layers
of specified depth, or the effective radii in two layers of vari-
able depth. If only two pieces of information are possible, a
linear fit to the size profile might be retrieved (a physically
improbable profile, as previously discussed) or, alternatively,
the effective radii in two layers of fixed depth.

Equation (3) for the weighting-derived retrieved droplet size
cstimate appears similar to a Fredholm integral of the first
kind, an integral form which serves as a basis for a wide range
of atmospheric inversion problems [Twomey, 1977]. However,
the kernel in this equation is the maximum penetration weight-
ing w,,, which, though not explicitly indicated above, is also a
function of the unknown profile r,(7). The resulting nonlin-
earity between retrievals and the unknown precludes the use of
a constrained linear inversion unless a linearized form of the
equation, with a constant weighting function (e.g., derived
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from a nominal profile), proves satisfactory. Otherwise, an
iterative approach is required.

In summary, the ability of three separate near-infrared band
retrievals to infer three unique pieces of information regarding
the droplet size profile is problematic at a fixed viewing angle
(at least for the cloud example considered). It is probable that
such an inversion would be limited to two pieces of informa-
tion. The use of multiple-viewing angles allows for the possi-
bility of obtaining a third piece of information.

7. Discussion and Conclusions

Cloud optical thickness and effective radius remote sensing
retrievals make use of measurements in visible and near-
infrared atmospheric window bands (at 1.6, 2.2, and 3.7 um),
with the water-absorbing near-infrared bands containing the
size information. Retrieval algorithms compare measurements
with look-up tables calculated from plane-parallel, homoge-
neous cloud models. The implication is that either observed
clouds can be considered approximately homogeneous for re-
trieval purposes, i.e., cloud structure has little influence on
retrievals, or that the retrieval is understood to be the plane-
parallel, homogeneous equivalent value. If clouds have a ver-
tical structure, then separate near-infrared band retrievals may
infer different effective radii, a situation that has been ob-
served in airborne radiometer data [Platnick et al., 2000]. We
have relaxed the vertical homogeneity constraint in this paper
and looked at the effect of modeled vertical droplet size pro-
files on retrieved effective radii.

Analytic effective radius profiles were developed for clouds
that are subadiabatic at upper levels, adiabatic clouds, and two
cloud models with drying at midlevels. The maximum cloud
optical thickness considered was 15. For the adiabatic profiles,
absolute differences between 1.6 and 2.2 um retrievals are
typically half a micrometer or less, about the same size as the
minimum expected retrieval error; 3.7 um retrievals are larger
than for either of these bands (by almost 1 um). Retrievals
provided reasonably good liquid water path estimates for the
adiabatic cloud models, overestimating by about 5% on aver-
age for 1.6 and 2.2 um retrievals and 12% for 3.7 um retrievals;
water path errors increase with optical thickness (all else being
equal). In summary, adiabatic cloud retrievals showed rela-
tively minor influences due to the vertical structure of cloud
droplet effective radius. Clouds that are subadiabatic at upper
levels give retrieval results that are even more homogeneous-
like. Multilayer cloud systems (or models with midlevel drying)
are likely to have the most significant retrieval signatures.

Several vertical weighting functions were proposed for ap-
proximating the retrieved size. The most accurate weighting
for reflectance-based retrievals was one based on maximum
photon penetration. This weighting was able to predict re-
trieved radii from the various vertically inhomogeneous cloud
models to within a tenth of a micrometer for the 2.2 and 3.7
um bands and within a third of a micrometer for the less
absorbing 1.6 um band. Retrievals from glory or polarization
single-scattering reflectance patterns infer droplet sizes from
the very uppermost region of the cloud (within meters of cloud
top) and thus may be substantially different from total reflec-
tance retrievals (dominated by multiple scattering). For the
same reason, single-scattering retrievals would be difficult, if
not impossible, to validate. In addition to providing informa-
tion regarding the scale of vertical transport, the weightings
provide a means for investigating and understanding the pos-
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sibility of an inversion for the droplet size profile using the
three near-infrared size retrievals. Analysis shows that the
most probable possibility for realizing three unique pieces of
information from the retrievals is through the use of multiple-
viewing angles.

Though the emphasis of this work has been on multiple-
scattering weighting functions for liquid water clouds, the de-
rived weightings should be useful for other multiple-scattering
plane-parallel radiative transfer problems, including arbitrary
combinations of cloud (liquid or ice particles), aerosol, and gas
layers.
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